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(57) ABSTRACT

A transistor device structure comprising: a substrate portion
formed from a first matenial; and a source region, a drain
region and a channel region formed in said substrate, the
source and drain regions comprising a plurality of islands of
a second material different from the first material, the 1slands
being arranged to induce a strain in said channel region of the
substrate.

235 Claims, 6 Drawing Sheets
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STRAINED CHANNEL TRANSISTOR
STRUCTURE AND METHOD

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s a divisional application which claims
benefit of copending U.S. patent application Ser. No. 12/025,
788, filed on Feb. 5, 2008. All disclosures are incorporated

herewith by reference.

FIELD OF THE INVENTION

The present invention relates to strained channel transistor
devices formed on an integrated circuit (IC) water and to a
method of fabricating said devices. More particularly, but not
exclusively, the invention relates to a strained channel tran-
sistor device and method having source and drain regions
cach comprising 1slands of a strain-inducing material.

DESCRIPTION OF THE RELATED ART

Strain engineering has played an important role in scaling
the s1ze of silicon CMOS device structures. Calculations sug-
gest that inducement of an approprate strain 1n the channel
region of a CMOS transistor device can lead to an increase in
carrier mobility of up to four times that in the absence of the
strain.

Strain can be induced in the channel region of a MOS
transistor device by forming source and drain stressor ele-
ments 1 source and drain regions of a device. Depending
upon the maternial used to form the stressor elements, they
may be configured to impart either a tensile or a compressive
strain.

For example, 1t 1s known to form stressor elements in
trenches formed 1n the source and drain regions of a transistor
device. The stressor elements are formed by epitaxial growth
of a material having a lattice parameter that 1s either smaller
or larger than that of the substrate upon which the device 1s
tabricated, depending on whether 1t 1s required to induce a
tensile or compressive stress, respectively, in the channel
region.

In the case of an NMOS transistor device 1t 1s desirable to
induce a tensile stress in the channel region. Therefore a
material having a lattice parameter smaller than that of the
substrate 1s formed in the stressor region. In the case of a
s1licon substrate, the stressor material may be a silicon carbon
alloy.

In the case of a PMOS transistor device 1t 1s desirable to
induce a compressive stress in the channel region. Conse-
quently a material having a lattice parameter larger than that
of the substrate 1s formed 1n the stressor region. In the case of
a silicon substrate, the stressor material may be a silicon
germanium alloy.

It has been calculated that 11 the stress 1n the channel region
of a PMOS device can be made higher than 1.5 GPa, an
increase 1n carrier mobility of around a factor of 4 should
result. This corresponds approximately to a doubling of on-
current (Ion) gain.

However, a number of factors limit the extent to which
S1Ge stressor elements can enhance device performance.

Firstly, the Ni-based silicidation window 1s different for
S1Ge alloy compared with Si. The external resistance of N1S1
contacts are higher when formed over S1Ge alloy compared
with S1, and this results 1n a reduction 1n the net improvement
in device performance obtainable using SiGe stressor ele-
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ments. Formation of a metal silicide on Si1Ge compared with
S1typically requires a higher temperature, which can result in
agglomeration of Ge.

Secondly, the upper limit to the amount of stress that can be
induced by forming SiGe alloy stressor elements has been
found to be lower than that predicted by theory. Increasing the
relative proportion of Ge above 25 atomic percent should in
principle increase the amount by which the channel 1s
strained. However, 1t 1s found that strain relaxation occurs at
Ge concentrations 1n excess of around 235 atomic percent.

Thirdly, it has been found that existing device architectures
are not scalable to smaller sizes. This 1s because elastic relax-
ation becomes more significant as device pitch decreases,
reducing the amount of strain that can be induced in the
channel.

Subsequent processing of the device structure can also be
complicated by the presence of S1Ge alloy. For example, as
traditional device structures are scaled to smaller dimensions
they are found to be less susceptible to damage during the
course of implantation operations. However, the presence of
increasing amounts of Ge 1n the structures results in a corre-
spondingly increased amount of damage to be introduced by
the same 1mplantation operations.

SUMMARY OF THE INVENTION

Embodiments of the invention seek to mitigate at least
some of the above mentioned problems.

Some embodiments of the invention provide a PMOS tran-
sistor device structure having an increased level of compres-
stve strain 1n the channel region of the device structure.

Some embodiments of the mvention provide an NMOS
transistor device structure having an increased level of tensile
strain 1n the channel region of the device structure.

According to a first aspect of the invention there 1s provided
a transistor device structure comprising: a substrate portion
formed from a first material; and a source region, a drain
region and a channel region formed 1n said substrate, the
source and drain regions comprising a plurality of 1slands of
a second material different from the first material, said 1slands
being arranged to induce a strain 1n said channel region of the
substrate.

According to a second aspect of the invention there is
provided a method of forming a transistor device structure on
a substrate comprising the steps of: providing a substrate
formed from a first material; and forming a source region, a
drain region and a channel region in said substrate, said
source and drain regions each comprising a plurality of
1slands of a second material different from said first material,
said 1slands being arranged to induce a strain 1n said channel
region of the substrate.

According to a third aspect of the invention there 1s pro-
vided a method of forming a transistor device structure on a
substrate comprising the steps of: providing a substrate
formed from a first material; forming a source recess and a
drain recess 1n said substrate; forming a first layer of strained
epitaxial 1slands of a second materal 1n said source and drain
recesses, said second material having a lattice parameter dif-
ferent from a corresponding lattice parameter of said {first
material, said 1slands being arranged to induce a strain 1n said
channel region; and filling said source and drain recesses with
first material.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present immvention will now be
described hereinatiter, by way of example only with reference
to the accompanying drawings, in which:
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FIGS. 1 to 6 show structures formed 1n processes according,
to some embodiments of the invention.

DETAILED DESCRIPTION OF THE INVENTION

FIG. 1 shows a process for forming a structure 101 of an IC
according to an embodiment of the invention. The structure,
for example, comprises a transistor of the IC. The transistor
can be a metal oxide semiconductor (MOS) transistor. The
transistor can be a p-type or n-type transistor. A substrate 101
1s provided. The substrate, for example, comprises silicon.
Other types of semiconductor substrates are also useful. An
active region 1s defined by isolation regions 104. In one
embodiment, the 1solation regions comprise shallow trench
1solations (ST1s). The 1solation regions are formed from sili-
con oxide. Other insulating materials are also useful. The
1solation regions separate the active regions from active
regions of other device structures.

A gate stack 102 1s formed on the surface of the substrate 1n
the active region. In one embodiment, the gate stack 1s formed
at about the center of the active region. The gate stack com-
prises a gate electrode over a gate oxide. Typically, the gate
clectrode comprises polysilicon and the gate oxide comprises
thermal oxide. Other types of materials for forming the gate
clectrode and gate oxide are also usetul. A dielectric cap 1s
provided over the gate electrode. Dielectric spacers can be
provided on the sidewalls of the gate stack. Typically, a
dielectric surface layer lines the surface of the substrate.
Various dielectric maternials can be used for the cap, spacers
and surface liner, such as silicon nitride, silicon oxide or a
combination thereof. The type of dielectric maternial used can
depend on, for example, the mtegration scheme employed.

Referring to FIG. 2, recesses 110 and 120 are formed in
source/drain regions of the transistor adjacent to the gate.
Conventional techniques can be employed to form the
recesses. For example, a reactive 1on etching (RIE) process
using a patterned mask etches the substrate to form the
recesses. The patterned mask can be a soft mask such as
photoresist. Other techniques for forming the recesses are
also useful. After forming the recesses, the mask can be
removed. Leaving the mask over the substrate 1s also useful.

In the embodiment, the recesses are formed to span sub-
stantially the entire distance from the gate stack 102 to the
STIs. Consequently a wall of each recess 1s provided by a
portion of an STI. In some embodiments, the recesses do not
span this entire distance. In some embodiments, one or both
recesses 110, 120 do not extend as far as the corresponding,
STIs.

Referring to FIG. 3, a discontinuous semiconductor layer
130 1s 1n the trench. The discontinuous semiconductor layer
comprises quantum dots (QD) or 1sland like structures. The
discontinuous layer comprises, for example, a crystalline
material. Various types of crystalline materials, such as sili-
con germanium (S1Ge), indium arsenide (InAs), mdium
phosphide (InP), or silicon carbide (S1C) or a combination
thereot, are also useful. The discontinuous semiconductor
layer comprises a lattice parameter which 1s different from the
lattice parameter of the substrate to induce stress. The mate-
rial used depends on, for example, the type of stress to induce
on the substrate. For example, 1n the case of a n-type transis-
tor, the lattice parameter of the discontinuous semiconductor
layer 1s smaller than that of the substrate to induce a tensile
stress. Tensile stress inducing material includes, for example,
S1C. In the case of a p-type transistor, the lattice parameter of
the discontinuous semiconductor layer 1s larger than that of
the substrate to mduce a compressive stress. Compressive
stress materials can include materials such as SiGe.
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In one embodiment, the discontinuous semiconductor
layer lines the trench walls. Preferably, the semiconductor
layer 1s selectively formed on crystalline surfaces, such as
silicon. For example, this forms the discontinuous semicon-
ductor layer of the bottom and sidewall of the trenches nearer
to the gate stack. The other trench sidewall, top of the gate
stack and other portions of the surface of the substrate 1s
protected by dielectric material. The discontinuous semicon-
ductor layer can be formed by epitaxial growth, such as
molecular beam epitaxy. Other deposition techniques are also
usetul. Preferably, the discontinuous semiconductor layer 1s
formed by Stranski-Krastanov (SK) mode. Typically, 1n the
SK mode, a wetting layer forms on the trench surface during
deposition on which the island like structures are formed.
Other deposition techniques, such as Volmer-Weber (VW)
mode, are also useful.

It will be appreciated that certain parameters associated
with the formation of semiconductor 1slands, such as the si1ze
of the1slands, the number density of 1slands (and therefore the
extent to which the surface over which the 1slands are formed
1s covered) will depend upon the epitaxial growth conditions
selected. The growth conditions include the deposition rate of
material, the temperature of the surface upon which the
1slands are formed, vacuum conditions, and so forth.

As shown 1n FIG. 4, the recesses are filled with semicon-
ductor crystalline fill material. In one embodiment, the
recesses are filled with silicon, forming source/drain stressor
regions 160 and 165. Other types of crystalline materials for
filling the trenches are also useful. In the embodiment, the
semiconductor crystalline fill maternal 1s formed by epitaxial
growth, such as molecular beam epitaxy. Preferably, the
semiconductor crystalline fill material 1s formed by selective
epitaxial growth. Other deposition techniques are also useful.

Subsequently, the source/drain regions are implanted with
dopant atoms. For a n-type transistor, n-type dopant atoms are
implanted while p-type dopant atoms are implanted for
p-type transistor. In some embodiments of the invention, the
source/drain regions are doped by an 1in-situ doping process in
which doping 1s performed during filling of the source and
drain region. Other methods of forming the source/drain
regions are also useful.

FIG. 5 shows an alternative embodiment of the invention.
As shown, the source/drain recesses are filled with a plurality
of discontinuous semiconductor layers. In one embodiment,
the recesses are filled with first and second discontinuous
semiconductor layers 130 and 230, as described 1n FIG. 3.
Providing other number of discontinuous semiconductor lay-
ers are also useful. After forming the first discontinuous semi-
conductor layer, a semiconductor crystalline capping layer 1s
formed to {ill the space between the 1sland like structures. The
semiconductor crystalline capping layer, for example, com-
prises silicon formed by epitaxial growth, for example,
molecular beam epitaxy. Preferably, the semiconductor crys-
talline filler layer 1s formed by selective epitaxial growth.
Other crystalline maternals or deposition techniques are also
usetul.

In some embodiments of the mvention, the process of
forming a capping layer 170 and subsequently forming a
layer of S1Ge 1slands 1s repeated to form a multiple layer (or
multilayer) structure. In the embodiment of FIG. 5, the
islands of each layer are of the same composition as the
islands of other layers.

After the last discontinuous semiconductor layer 1is
formed, the recesses are filled with a semiconductor crystal-
line fill material, such as silicon, to form source/drain stressor
regions, as shown in FIG. 6. Other types of semiconductor fill
materials are also useful. Various techniques such as epitaxial
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growth or selective epitaxial growth can be used to form the
crystalline fill material. The source/drain stressor regions can
be implanted with dopant atoms to form source/drain regions.
Alternatively, the stressor regions can be doped by an 1n-situ
doping process. Other methods of forming the source/drain
regions are also useful.

Other configurations of 1sland growth are also possible. In
some embodiments, 1slands are only formed 1n the portion of
the recesses immediately adjacent to the channel region, such
as the generally vertical walls of the recesses immediately
adjacent to the channel region.

In some embodiments, other materials are used to form the
islands 130. In some embodiments the i1slands are formed
from InAs alloy. In some embodiments, the islands are
formed from InP alloy. Other matenials are also usetul,

In embodiments 1n which 1slands are formed from an alloy
such as S1Ge, different compositions of the alloy are usetul. In
some embodiments, employing a SiGe alloy in which the Ge
content of the alloy 1s 1n the range from around 1 to around 50
atomic percent. In some embodiments the Ge content 1s 1n the
range from around 15 to around 25 atomic percent. In some
embodiments, the Ge concentration 1s 1n the range from
around 17 to around 24 atomic percent.

In some embodiments, the Ge content of the alloy 1s in the
range from around 50 to around 100 atomic percent. In some
embodiments, the Ge content of the alloy 1s 1n the range from
around 80 to around 100 atomic percent. Other Ge concen-
trations are also usetul.

In some embodiments, 1slands 1n respective different lay-
ers are formed from alloys having different compositions. In

some embodiments, of the invention the alloy 1s an alloy of S1
and Sn 1nstead of an alloy of S1 and Ge. Other alloys are also

useful.

In some embodiments, 1slands are formed in source and
drain regions by 1on implantation. Thus, 1n some embodi-
ments ol the nvention, etching to form source and drain
stressor recesses 1s not required.

In the case where 10n implantation 1s used to form particles
of an alloy, where one component 1s present in the substrate
material already, one or both alloy components may be
implanted into the substrate.

Thus, for example in the case of the formation of S1Ge
1slands 1n a S1 substrate, Ge atoms may be implanted without
a requirement to implant S1 atoms. In some embodiments,
both S1 and Ge atoms are implanted to form Si1Ge alloy
1slands. In some embodiments, annealing of the structure to
form strained SiGe alloy 1slands 1s required.

In the case of the formation of SiSn alloy i1slands 1n a S1
substrate, Sn atoms may be implanted. Annealing of the struc-
ture 1s required 1 some embodiments 1 order to form
strained SiSn alloy 1slands. It will be appreciated that the
concentration of Ge atoms or Sn atoms 1n these 1slands may
be different in different embodiments of the invention
depending upon the amount of strain 1t 1s required to induce 1n
the channel region.

It will be appreciated that 1n some embodiments the
implanted 1slands are not alloy 1slands, but rather i1slands
comprising a single chemical element (such as Ge or any
other suitable element), or a chemical compound rather than
a single chemical element or an alloy of two or more chemical
clements. Any suitable chemical element, alloy of chemical
clements or compound of chemical elements may be used that
has the effect that a strain 1s induced 1n the channel of the
MOSFET device.

It will be appreciated that 1slands having different compo-
sitions are likely to induce different respective strains 1n the
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channel. Some 1slands will induce compressive strains. Some
1slands will induce tensile strains.

In some embodiments of the invention, strained SiGe alloy
1slands are formed 1n the source and drain regions of a PMOS
transistor device, to induce a compressive strain in the chan-
nel region of the device. A compressive strain 1s mduced at
least 1n part because S1Ge alloy has a larger lattice parameter
than Si.

In some embodiments of the invention, strained islands are
formed 1n the source and drain regions of NMOS transistor
devices. In this case, the strained 1slands are arranged to have
a lattice parameter less than that of the substrate matenal,
thereby inducing a tensile strain in the channel region of the
device. In some embodiments, the 1slands are formed from a
s1licon carbon alloy. The carbon content may be 1n the range
of from around 1 to around 235 atomic percent carbon. Other
carbon concentrations are also useful. Other materials are
also useful for inducing a tensile strain in the channel region.

Throughout the description and claims of this specifica-

tion, the words “comprise” and “contain” and variations of
the words, for example “comprising” and “comprises”,
means “including but not limited to”, and 1s not intended to
(and does not) exclude other moieties, additives, components,
integers or steps.
Throughout the description and claims of this specification,
the singular encompasses the plural unless the context other-
wise requires. In particular, where the indefinite article 1s
used, the specification 1s to be understood as contemplating
plurality as well as singularity, unless the context requires
otherwise.

Features, integers, characteristics, compounds, chemical
moieties or groups described 1n conjunction with a particular
aspect, embodiment or example of the invention are to be
understood to be applicable to any other aspect, embodiment
or example described herein unless incompatible therewith.

What 1s claimed 1s:

1. A device comprising;:

a substrate comprising a semiconductor material having a
device region;

a recess having surfaces which include sidewalls and bot-
tom disposed 1n the substrate of the device region; and

a plurality of quantum dots lining all the surfaces of the
recess comprising the semiconductor material, the quan-
tum dots form a discontinuous layer without filling the
recess, wherein the discontinuous layer induces a strain
in the substrate.

2. The device of claim 1 wherein the device region com-

prises a gate of a transistor and a channel beneath the gate.
3. The device of claim 2 wherein the discontinuous layer
lines the sidewall and bottom of first and second recesses
adjacent to the gate comprising the semiconductor matenal,
the first and second recesses include source/drain regions of
the transistor.
4. The device of claim 1 wherein the substrate comprises a
first material and the discontinuous layer comprises a second
material.
5. A device comprising;:
a substrate formed from a first semiconductor material
having a transistor region, the transistor region com-
prises a gate and a channel region under the gate; and
source/drain regions 1n recesses in the substrate adjacent to
the gate, wherein
a recess ol the recesses comprises surfaces which
include sidewalls and bottom,

the source/drain regions comprises a plurality of quan-
tum dots lining only sidewall and bottom surfaces of
the recesses comprising the first semiconductor mate-
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rial, the quantum dots form a first discontinuous layer
without filling the recesses, the first discontinuous
layer inducing a strain in the channel region of the
transistor.
6. The device of claim S wherein the first discontinuous
layer comprises a crystalline material.
7. The device of claim 5 wherein the first discontinuous

layer of a second material 1s disposed on the first semicon-
ductor material of the substrate.

8. The device of claim 7 wherein the first semiconductor
material comprises silicon and the second material comprises
an alloy having any combination of S1, Ge, In, As, P, C, and
Sn, including S1Ge, InAs, INP, S1C and S1Sn.

9. The device of claim S wherein the discontinuous layer 1s
selectively disposed on the first semiconductor material in the
source/drain regions.

10. The device of claim 5 wherein the first discontinuous
layer and exposed sidewalls of the recesses are coated with a
capping layer.

11. The device of claim 10 wherein the capping layer
comprises the first semiconductor material.

12. The device of claim 11 wherein the capping layer
comprises a doped first material.

13. The device of claim 12 wherein the source/drain
regions further comprise a second discontinuous layer selec-
tively formed on the capping layer and the first semiconductor
material.

14. The device of claim § comprising a multilayer structure
of discontinuous layers with a capping layer provided
between adjacent discontinuous layers.

15. The device of claim 5 wherein the discontinuous layer
comprises a doped second material.

16. The device of claim S wherein the first discontinuous
layer 1s formed by epitaxial growth.

17. The device of claim 16 wherein the epitaxial growth
comprises molecular beam epitaxy.

18. The device of claim 5 wherein the first discontinuous

layer 1s formed by Stranski-Krastanov (SK) mode or Volmer-
Weber (VW) mode.
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19. The device of claim 5 wherein the recesses further
comprise a semiconductor crystalline fill material.
20. A device comprising:
a substrate comprising a first semiconductor material, the
substrate includes a device region prepared with a gate
of a transistor and a channel beneath the gate; and
a plurality of quantum dots of a second material 1n source/
drain regions in recesses 1n the substrate adjacent to the
gate, wherein
a recess ol the recesses comprises surfaces which
include sidewalls and bottom,

the quantum dots lining only the sidewall of the recesses
adjacent to the channel and bottom of the recesses
having surfaces comprising the first semiconductor
material, the quantum dots form a discontinuous layer
without filling the recess, the second material 1s dif-
ferent from the first material, wherein the discontinu-
ous layer induces a first stress on the channel region.

21. The device of claim 20 wherein the discontinuous layer
1s selectively formed on the first semiconductor material 1n
the source/drain regions.

22. The device of claim 21 wherein the discontinuous layer
comprises multiple discontinuous layers 1n the source/drain
regions, wherein adjacent discontinuous layers are separated
by a capping layer formed over a lower adjacent discontinu-
ous layer.

23. The device of claim 20 wherein the discontinuous layer
comprises multiple discontinuous layers in the source/drain
regions, wherein adjacent discontinuous layers are separated
by a capping layer formed over a lower adjacent discontinu-
ous layer.

24. The device of claim 20 wherein the discontinuous layer
comprises a crystalline matenal.

25. The device of claim 20 wherein the first semiconductor
material comprises silicon and the second material comprises
an alloy having any combination of S1, Ge, In, As, P, C, and

Sn, including S1Ge, InAs, INP, S1C and S15n.
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